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—Sirmultancous Lrapped electron data have been
. —ovtained for near :malorially rmirroring electrons by the
-Explorer ©£ satellite and for leow altitude mirroring electrons
by the sutellite 1% 3 5C.  Eleztron enarmies >300 keV,™
~>U50 keV, ana >1.0 eV were sampled by the Explorer 26
instrumentation arndg ;;EO eV oand >1.2 leV by the 1003 38C

PR

instrumentation, Tnese data are pregsented {or the time

period January 1 fthrena, June 22, 108G, ror 1, == 3,0, 3.5,
. ,
Lo, 4.5, 5.0, and 5.5, The data and subsequent analyses

indicate thai (1) >300 keV electrons rapidly (<0.1 day) reach
~

an equilibrium distritution within a flux tube atter a larpge
magnetic disturhance thereby causing long term (many day)
cross~-L diffusion and decay effecls to appear pitch angle

independent at these enersies; (2) these same effects display —

a strong pitch angle dependence for be 1 MeV electrons due to the

o P e . Y P T e AT O £

3 leonger time required for these higher energy electrons to
f attain arn eguilibrium distribution within a given flux tube; 4
X (3) this difference vetween the ~300 keV and -1 MeV electron
% behavior c¢an be due to a decrecased effectiveness of pitch

- angle scattering mechanisrs ir lowering the mirror pcints of

the higher energy electrons - e.g., acsuming interaction with

wide vand whictler mode noise (Reberts, 1968 ) as the najor
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scattering mechariom, the power spectral densivy functior
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would have to shmpiftenntly deerease In nreaitude at frequencies
cwer than a fow hvmmdred eyelen per sceend; (4) “he intensities
of botn 1w ared Bioh 2l i ods Arappaed 2 30C keV electrona
exhibit 1 fast dceay wede Imrediately ofter the April 18, 1965,
rarretic ctervee ani o9 slrnifieantly clower decay sweveral days
after the stoywe, In the recion of maxlrmum disturbance, L ~ 3.0;
(5) n comparisoen of particle respénse chiracteristlies ot low
and hirh nltitudes durine a main phase storm yields a rourh
e of field espanrion in the sterm - expansions of
AR Z 0.2 RF at Ko~ 5.5 RE ffer a maximum nerative Dst of

max

=20 “nd AR ~ O.5 RF 21 R~ 3.2 R for Dot

ie

= =137y are
chtalred:s [(0) cnuerotle frlectrons assceiated with macnetic
ctorme are cboerved to inttinlly appear at L ovalues well

within the trappines reocions and subsequently diffuse to Jower
and hivher »ltitudes: (T) preliminary roesults lndiente that

th= aceeleration mechanisns responcible for the appearance

of encricetic ¢lectrong within the trappineg revions durlne main
phase storms acl on the hirh altitude side of -the whistlier

kne and may bte responsible for the observed apparent motion

of the whistler kneo to lower altltudes durlne magnetic storms
(Carpentor, 196CY; (&) the appea}anco of enercetic electrons

in the trapping reclons from the caguator to low aliltudes durine
05, ctorm ccrfelntcﬁ very well spatially with an
ved depletion »f moaxirem fonorrheric flectran density, Nm 72

(Pauer and Erishrararthy, 16897)
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INTRODUCTIOHN

There have been a number of experiﬁental studies
reported concerning the behavior c¢f energelic outer zone
elzctrons at high altitudes (see for example Freeman, 1964,
Frank, 12¢5a) and at low altitudes (see for example, Forbush
et al., 16562; O'Brien, 1963, 1G04; Rose, 1906; Williams, 1900).
Such studies have contributed to cur unaerstanding of the
electron spatialAdistributions and their relation to the
distorted geomagnetic field and to the time vehavior of these
particles and its relation to magnetic activity.

hs these results emerged, efforts have turned toward
studying possible source, loss, and transport mechanisms
responsible for the ovbserved trapped particle behavior (e.g.,

Nakada and Mead, 1965; Roberts, 1966; Kenncl and Petchek, 19CO;

Tverskcy, 1964; Falthammer, 1955). In general, simultanecus
observations from several locations within the magnetosphere
are required to deternine the prchlems and obtain possible
solutions.

Therefore, in an effort to obtain further informa-
tion concerning these mechanisms, we present herein a2 comparison
of the time behavior of electrons mirroring near the magnetic
equator and those mirroring at low altitudes. Energies 2280 keV
and Zi MeV are considered over the L range 3 < L ¢ 5.5. The

data were ohtalned from the low inclination, high altitude
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catellite Explorer 26 and the low altitude wolar orbiting
satellite 1903 22C over the time period January 1, 1995,
through June 29, 196%5. Preliminary results, covering only
the Anril 17, 1325, magnetic storm were reported by Arens
et al. (1527).

Wnile such an apprcoach is far frowm ideal, it does
offer the opportunity of obtaining a further insight into
these verious mechanisms by observing the simultaneous
behavior of particies trapped near the equator and at the

ena of the field line.
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SATELLITES, IHSTRUMENTATION, AKD ORBITS

The Explorer 7€ satellite was launched on December 21
1 b

1954 into an orbit heving an inclination of ©0.1°%, an orbital

ericd of ~7.5 hours, an apoyre of 24,007 kn, and a perigee of
3 h t b bl & z

was spin oriented with ftne angle between

200 km. The satellite
the spin veclor and the local magnetic field rarnging from
about 30° to 90°. The catellite spin rate graodually and

uniformiy slowed from abtout 32 rpm to atout 9 rpm during the

pericd discussed in this paper.
The experiment flowr. by BTL on Explorer 26 was
designed to investi;sate the electren and proton particle

populations in the trapped radiation belts. The experiment

consisted of six solid state partially depleted p-n junction
detectors (Buck et al. 1004). By making use of the electron

and proton erergy loss characteristics and by changing the

thickness of the detector active region by a change in detector
bias, it was possible to distinguish between proton and electron

responses in the data. The detectors were encapsulated in a

nitrogen-oxygen mixture at atmospheric pressure and covered

by a 0.3 mil Kovar diaphram. Additional absorbers were used

in individual detectors to allow the detection of a wide range

of particle energies.

The three Explorer 26 detectors whose electron flux

observations ara diccussed in this paper were designated 53,

ES, and El and rad electron threshold enerpgies of 0.3 MeV,

5,
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0.45 MeV, and 1.0 eV, voopectivelys. Tre Eu ard ES detectors
were Jdirectioral, had look an~les oriented ncormal Lo the
satellite spin axi., and were operated in tne rnipn cias, or
electron mode. The El detectcr woo omni-dire-rtional, its
symmetry axis oriented perpeniicular to the satellite spin
axis, and was also operated In the high tias mode. The

efficiency-pgeomctrical factors for EY, EL, and El were

N0

-y y

== - 2 N, - 2
1.5-10 3 em”™ ster, H.0-10 3 cm” ster, and 3.0-10 2 ¢m” ster
respectively.,

A corparison of the hish bias mole with the low

bias morde of the experiment showed Lhat at L = 4.5, H.0

ey s
and 5.5, there was essentlally no ecoutamitacvion of Lhe
elcetron data frowm protons. At L = 2,0, 3.5, ana 4,0 Lhe

hich bias dats ~onzisted o an aumixture of ~lecirons and
protons except for the times whern the fluxes were increased
by magnetic ctorms. At this time, the high biac-low bias
comparison indicated that the inhcreased {luxes were essentially
all electrons.

Satellite 1953 38 was launched on September 28, 1963
into nearly circular polar orbit having a 1147 km apogee, a
1057 km perigee, a 89.9° inclination ard a 107.%4 minute period.
The detectors of interest on 1953 38C are two 1000 micron
surface parrier solid state detecters measuring integral

electron intens

3
[%
<t
e
0
Us
o

E_ > 280 keV and > 1.2 MeV. As the

-satellite is masnhetically aligned and the vieoteclors are
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oriented to look out normal to the alipnment axis, %rapped
electron intensities are obtained for those electrons mirror-
ing at or very near the point of observation. Further details
concerning the satellite and instrumentation have peen

reported by Williams and Smith (1965).

During the time pericd being consider=d here,
January 1, 1965, through June 29, 1905, the apogee of
Explorer 26 precessed through the lccal time interval of
1630 hours to 1117 hours. Similarly, the orientation of the
orbital plane of 1963 38C with respect to the earth-sun line
swept through all local times. This is illustrated in Fig. 1
where the projection of the two orbits onto the ecliptic
plane is shown as viewed looking down from above the north

pole.
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Trapred elecctron inftencities were monltored simul-

-

eneously by ihe satelliiss Explorer ¥ and 14035 35C throughout

the period Januvary 1, 1555, threoursn June 27, 135, he electron

energies sampled vere E_ > 280 keV and > 1. MeV abourd
1963 38¢ and Ee > 300 keV, > 450 keV, ana > 1.0 MeV akoard
Explorer 26, . —
Electron intensities throurh the outer zone eorve
obtained from the 1303 345C data by constructirg five point
averazes atbt all desirced L s:ellc. This process yieldso an L
spread of #*0.0L at L = 3 and #0.1 at i =
of an on board protoﬁ snectromeier hags snovnr Lhatl proton

contamination in these low altitude high latitude resions is

negligible (Williams and Smith, 103%; Willjams, 1400), —

In the followiny data presentation, each data point
from the Explorer 26 salellite corresponds to the median
counting rate observed by crie of the electron detfectors as
the satellite made one pass through the regicrn of space derined
by L # 0.05 RE. The data points correszpond to‘BO/B valuecs
ranging fro. about 0.3 to 1.0. Plots of the counting rate
versus BO/E for ; = 4.5, 5.0, and 5.5, indicate that the
electron rates penerally are essentially independent of EO/B
within the cbserved range. Where thic ic not trie, I, = 7,0,

3.5, and 4.0, the el2ctron data have all been nornalize. to
3y »

tre rates of BO/B = 1,
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Lo qisival o cmlavion tinge or one »f the
,
Explerer (9 ddete s cors 12 it clerirvan rcids wasn 1.4% zeconds.

E6 riial 1s presented In G2 rext coction is tiun the spin-
everare. eclextren ilux fromoa airesctional gelector., Mol of

the ¥ ard FO data politls correspond to data taken with the

local ma.netic Cfield, 1nts e spin averaced directional
riux fress Day 1 oteo avout Tax 3o, 1A% s equivalsent tre
Lo within o oa Tacltor of 1.5, After

ansrexinetely Doy 100, 1w, the npin rate of the satellite

had slowed "uf{icic- =1y ro Liat the om orimeni sampled less
TN 3 foo B - o3 - E4 - B - ~ 3 - o3
than 170° i ‘e 1,45 second countine interval. An examnirnation

of the individual datn yoints at eash L value revealed that

the elfoct of th» Slowing opin was observed mainly in the
protor vachgrournsd at L = 3.0 and 2.5. The troad electron
piteh angle distriutions cbscured any noticeabhle spin modula-
tlon in the electron rluxces. No corrections to the data were
necessary v this spin eflect,

All the data ror the period or interest from the
> 300 keV channcl atoard Explorer 2€ and the > 280 keV chanrel
g 3-0:

3.5, Loy Ais, 02, and 5.8, Included in the fifgure are plots

aboard 133 350 are shown in Ficure 2 for the shells L

personal cormunication) and

XA
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Kp along with a measure of the orientztion of the orbital
plane of 1953 38T as viewed from avove the north pole.
Fisure 3 is a similar plot tor the data from the kZxplorer 26
> 1.0 }leV channel ar.d the 1963 38C >1.2 MeV channel.

Tavle 1 1ists the con§ersion factors required to
convert the relative counts shown in Fipgures E‘and 3 to
absolute flux values (particles/cmgster sec). The errors

shown are mainly due to spectral uncertaintiles.

TABLE I

Conversion Fartors for Flux Values

Multiply
counts by
Channel ‘ngii§pgy'l sec™ ) Error

1963 38¢C ' 600 +100
>2P0 keV
19‘:\3 380 ~ 1
S1.2 Fev 1200 £400
Explorer 26 a
<505 kv Q00 +300
Explorer 26 15 100
S1.0 MeV 1200 400

The proton sensitivity of the Explorer 2€ 3> 300 keV

channel can be seen in Figure 2 to extend out to L = 4.0,
However, tie ceneral features of the iLrapgped electron storm
tire Lenavior can Ge observed and compared with tha low

altitule duta.



ol

e

TTERE R B

L L 2N I

s
v
v

T AT e A B M

I e v

¢
13
|3
¥
i
i
g
N
i
13
£

S

A Teature of interest sihown by Firsures @ and 3 is
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nirease in tﬁe delailed recponse of outer
zone trapred electrons Lo mzpruetic activity as L increases.
At L = 2, only large, well cei’ired perturbations in the
magnetic activity indices ar: associated with intensity
changes in the tfappcd electron population, With increasing
L, more and more intensity fluctuations appear which can be
assocliated with a variety of maumetic perturhkatioens., Finally

at L = 5. shown, iIn Figures 2 and 3, intensity t'luctuations

Y

appear whiich have no obwious asscciation witn a Dst variation.

This lzcox of association is neot surprising since the high L
shells are well removed frem the near equatorial stations
used to determine the Dot values, However, 11 does emphasize

3

the trend that the Trapped clectron sensitivity to magnetic

In
]

activity dncreases sienificantly with increasing L, in

f=]

N

agreement with previous 1403 38C results (Williams and Smith,

N - . . N e
1965 Arens and Williama, 196/.).

Figures 2 and 3 alco sheow that the behavior of
electfons mirroring near the equator and at low aititudes is
very similar, particularly at A300 kKeV. Pefturtaﬁions in the
2300'kev eigcnron inlansities at a given L value are observed
gonerally to 2ome quicikly to equillbrium, Tnisz causes the‘

electron vorulaticn: to tehave in unison througshout a Ilux
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3) 2ni oa Jlux tubte (lire of fovee) i- discusted in later
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Exceptions to the above uniform behavior occur near
the beginning of magnetic storms with the appearance of
electrons new to these regions of obsarvation., It also appears
that the relative behavior of equatorially mirroring and low
altitude mirroring 2 1 MeV electrons dirfers from that at
~300 KkeV.

To illustrate these differences, Figures 4 and 5
show on an expanded time scale several days of data taken
around the geomarnetic storms of March 2, 1905 and June 15,
1965. 1Included in the plots are AE indices (Fairfield,
personal communication) along with the Dst values.

First it is noted that all along the field line
the 2300 keV electrons rise to their maximum values much
faster than do the 21 MeV electrons. This was observed to
hold for all the major storms in the period under consideration
in agreement with earlier results (e.g., Freeman, 1954, and
Williams and Smith, 1965).

Secondly it appears that the 2300 keV electrons

reach equilibriuwnm within a given flux tube faster than do the
Zl'MeV electrons. In Figures 4 and % it can be seen that the
low altitude trapped electron intensities at 2280 keV reach
their peak value soon after the equatorial intensities and

then essentially follow the behavior of the eguatorial electron

population. In fact, increases in the equatorial to low
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altitude intensity ratio are observed to occur only during
the 1-3 day period assoziated with the storm main phase
depression for the 2280 kKe¥V population. At lhese times field
expansion effects invalidatevthe concept of tcth low and hich
alt.tude L values characterizing the same line of force.

It can further be seen in Figures 4 and 5 that a
similar relative behavior between equatorially mirroring and
low altitude mirroring electrons is not observed at Zl MeV.

Not only do the low altitude 21 MeV trapped electron intensities
generally reach peak values well after the equatorial intensities,
but in several instances conminue to increase in intensity

long after the equatorial intensities have begun their decay
(e.g., L = 4.5, Figure 4, L = 5.0, Figure 5). In addition,
variations in the equatorial to low altitude intensity ratio

are observed to generally last for several dayc beyond the

main phase depression. Thus, the time to attain equilibrium
along a given L shell appears significantly longer at 21 MeV
than at 23C0 keV. Note however an apparent change in this
pattern at L = 5.5 in Figure 5.

A detailed study of the data in Figures 2 and 3
reveals a wide variety of electron intensity fluctuations
which may be associated with various geomagnetic perturbations.
In this paper we have chosen to study events characterized

by large intensity increases occurring throushout the region

[ES——



of observatior which could be asioriated with-a well defined
mnetic storm. Yhis study will thuc enphasize the non-
adiaLatic appearar.ce o rew particles in the regcion of

observation and the subsequent behavior " tieze particles.

Q

5

The storms studied are indicatod by the arrows in
Figures 1 and 2 and are listed in Tarlc 2. Tihe Dot zero
crossing time ir cthe time at which the Dist values cross and

remain below the zero level as the initial phase of the stornm

begins,

N

4]
I
N

Major Storms Studied in Perioeod Januwary 1 - Jun

19675

MAXTIUM Dst D=t CEPO
DAYCE SC (GAMMA) CROSSING TIME

Feb. 6 1514 hirs - 55 01%Q hrs Feb. 7

: 124521458 hrg ' ‘
Mar. 2 <10 statious - 69 1700 hrs Mar. 3
Ciey

reported 5T
Mar., 22 NONE - 31 0330 hrs Mar. 23
April 17 1313 hrs -137 0330 hrs April 18

June 15 1100 hrs -102 OUdD hrs June 16

s .
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An importanl parameter in characterizaings the outer
zene eleclron responze to major rarnetic pertartations iz the
arrival time of the bulk cf new perticles within a (lux tube.
The accurate determination of the start of the particle
increase associated with the initial phase of the storn i5
complicated by several factors: (i) adiavatiz effects due to

sudden commencement compressions and ring curreni decompressions

the storm; (ii) the appearance cf particles associated with
pelar substorm events which ray net te ascouiated with the
large bulk increaces of electrorn intensitics during the =storm
main phase; (iii) the reasurement of relative arrvival limes

4

Ol

[

R Y
L

T particles on various L shells by an individual catel
has a resoluftion governed by the satcllite's orbital motion
and; (iv) the fact that all of thec preceecdins effects have
strong spatial variaticns.,

In an attempt to minimize these difficulties, we
have used the timé for the electron intensity increaces to
reach one half of their maximum value, tm/2’ as a measure of
the arrival time on a glven L shell of energetic electrons
assocliated with a main phase geomagnetic storm. Generally,

see Figure 1) the larger intensity increases are ravid enoug

so that tm/P is quite insensitive to the above elffects., The

time Tor the ouLszrved dntensily irncreazes to nttain Tull reax
valuns on a given L shell was not uvsed as a ~haracteristic
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arrival time because it is very sensitive to diffusion-effects
and is therefore significantly less accurate than tm/2'
However, while the time of maximum may frequently be véry
difficult to obtain, the intensity at maximum can be measured
~“uite accurately; thus allowing a determination of tm/2 to an
accuracy not realizable in finding the time of maximum.

Some of these various problems are illustratéd by
the data in Figures 6 and 7. Figure 6 shows a sequence of low
altitude outer zone profiles along with Dst and AE plots just
prior to and during the initial phase of the February 5, 1965
maghetiz storm. Pass 1, coccurring close to the sudden
commencement, dispiays no noticeable effects, and is shown
for orientation purposes. Pass 2 is closely associated with
the occurrence of a polar substorm as indicated by the spike
in the AE indices and shows an intensity enhancement at high
latitudes. Simultaneous data obtained from the 1963 38C proton
spectrometer show that this enhancement was due to electrons

orly (Bostrom et al., 1967). Passes 3 and 4, obtained at the

start of the initial phase, show the subsequeﬁt losc o1 these
high latitude electrons. Such a loss may be explained by a
combination of adiabatic effects and loss from the trapping
regions. Pass 5 shows the appearance of large numbers of /

trapped >280 keV electrons on the lower L shells. -



[
O e, I

(AR AR Ty Rep > i S SS

- 15 -

Pass 6 obtained at the recovery of Dst to approximately prestorm values
shows the additional appearance of electrons at 5 = L = 9. This may be the
combined result of electrons injected at low L shells diffusing outward
and electrons injected near the eéuator diffusing down the field line
to these low altitudes.

It is seen from Figure 6 that the bulk of the electrons associated
with this main phase storm appear between passes 4 and 5. The
appearance of particles on high 1L shells during pass 2 which are associated
with a polar substorm would yield a false start time for the bulk of the
particies associated with the main phase Est decrease. The use of Yl 2
avoids the above difficulty.

Figure 7 again shows the February 5, 1965 storm but from the
perspective of a time history of the comparison between the high altitude
and low altitude data. Explorer 26 and 1963 38C data are shown for Ee < 300 i
keV for L = 4.0 and 5.0. Dst and AE values are also included. The :
Explorer 26 data show the appearance of electrons at L = 5.0 occurring
significantly before L = 4.0 (Lanzerotti, 1968). However, the above

arguments indicate that the two Explorer 26 points after the sudden

communcement at L = 5.0 may be associated with the polar substorm occurring

at that time and before the start of
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theAstorm main phase. The 1963 33C data shown at L = 5.0
also display an increase at this time but the following data
po&nt at the beginning of thg storm initial phase shows the
decrease discussed in Figure 6 above. It is possible that
the Explorer 25 observations at L = 5.0 simply missed this
decrease due to sampling resolution. The rapid rise and the
magnitude of the main electron intensity increase indicates
again that tm/? 1s not very sensitive to the above effects.
Thus, from the above arguments we feel that tm/2
is a more accurate neasure of the characteristic time of
arrival of energetic particles associated with a main phase
geomaghietic storm than either the start of an intensity

)

increase or the time to the maximum increase.

(o
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RESULTS

Figures 8-12 show plots of tm/? as a function of L
value for low altitude mirroring electrons (Ee > 280 keV
and >1.2 }MeV) and near-equatorially mirroring electrons
(E, > 300 xeV and >1.0 MeV) for the five magnetic stovms
being studied. Also shown in Figures 8-12 are the maximum
intensities attained during the respective storms tor the
various energies and altitudes observed.

These data show that there tends to exist for both
tne low altitude and high altitude data, a range cf L values
which 1s associated with both a minimum in tm/2 and a maximum
in the number of newly observed electrons (see in particular
Figures 11 and 12). This indicates that energetic electrons
may appear during a main phase geomagnetic storm well within
the stable trapping regions and subsequently diffuse both in
toward lower L shells and out toward higher L shells. This
observation is significant as it shows that the source of
these outer zone electrons is not necessarily the diffusion
inward of a low energy electron population lbcated at the
outer edge of the stable trapping region. In fact, a distant
lower energy electron population will result from the outward
diffusion of an energetic electron population appearing
initially at low L shells. Before discussing our interpreta-
tion ef the significanée of these results, we shall discuss
in detail the electron data for each of the storms under

consideraticn.

N
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February 6, 19565

The data from this storm are presented in Figure 8.
The maximum intensities observed at 1100 km occurred at
L = 4.5 for both the >280 keV and >1.2 MeV electrons. The
equatorial electrons show a maximum intensity at L = 4.5
at >1.0 MeV and L = u.'5-5.o at >300 keV.

The data for tm/2 are not as clear. The 1100 km
data indicate a minimum at L = 1.5 at >1.2 MeV and a broad
minimum from L = 3.5-5.5 for the >280 keV electrons. While
the 2280 keV data may be fit with a curve yielding a minimum
ty /s consistent with the >1.2 MeV data, the difference in the
width of the curves may be due to the source being sufficiently
strong only at L = 4.5 to produce a significant number of
>1.2 MeV electrons,

The equatorial data points for tm/2 indicate that
both >300 keV and >1.0 MeV electrons initially arrive beyond
the region of observation, i.e., L > 5.0. ‘Note that the lower
energy electrons appear to move inward to lower I shells faster
than the higher energy electrons. However, the statistics of
the data are consistent with the different behavior being due
to spatial variations within the source mechanism as mentioned

above.

s
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March 2, 1965

The data for this storm, given in Figure 9, show a

raximum intensity for all cbserved electrons at L = 4.5, This
agrees with the observed minimum shown in tm/2 for low altitude
mirroring electrons both at >280 keV and >1.2 MeV. The

equatorial data are consistent with a minimum tm/2 occurring

over a relatively broad region &% L » 4.5 for the >300 keV
electrons and beyond the observation region, L > 5, for the
21.0 MeV electrons.

The indication that the high altitude minimum tm/,2
may be displaced toward higher L shells fror the low altitude
minimum tm/2 ray be simply due to the geomagnetic field
expansion during the stcrm main phase. That is, the low
altitude and high altitude minimum tm/? actuglly occur in
the same line of force but are labeled with different L values
due to the field distortion. (Both 1963 38C and Explorer 26
use the same computer programs to calculate I value, given the
position of the satellite.) This effect should be more
apparent in tm/2 than in the location of maxXximum intensity
since tm/2 generally occures during the storm main phase
whereas the maximum intensity, being affected by diffusion

effects, may occur several days after the start of the storm,

March 22, 19¢5

The data for this storm are shown in Figure 10.
Maximum ‘intensities are observed in the vicinity of L & 5

for all electrons,
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The minimum tr’“ Shiown by the lower crnerpy olesirons
:l/ [

matches the position of mawimun irtencities for these particles.

The low altitude »1.2 MeV data s net clear ard the equatorial
>1.0 MeV data chow that if a minimum & exicts it is at or
beyond L = 5.5, The differing characteristics of the >300 xeV
and >1.0 eV tm/? plqts may acain re jue to spatial variations
in the source. For example, if no elecireons greater than a
few hundred kilovolits were dire~tly produced in this ctornm,
their appecarance at the lower I shells would be due mainly to
diffusion inward ol an inltially lower eneryy population.
Morcover, the bulk of the obrerved hi-her elcrpy alectrons
would e duce Lo thove lower cuerpy clolireons appearing at the
outer edre of the main resimn of injsction.

Firure 13 shows diffusion rates cbtaired from
Fisure 10 assuming that the apparent inward motion of the
near-equatorial >1 MeV electrons 1s due solely to cross-L
diffvrsion. The magnitude of the diffusion rates shown in
Figure 13 are of the same order as those reported by Frank
(1965) for the L ~ 4.5 region. However, the L~ ¥ dependerice
shown in Figure 13 is in marked contrast to the L'S diffusicn
rate dependence cbserved by Frank (1925). This may be due to
the fact that the diffusion rates reported here were obiair.ed

shortly after a magnetic disturbance and may thus be related

to trarsient activity ascocliated with the storm,

S oyl - prgeay e T de e ad - i va d
{(19C53) observatlons were obtajned over a several
- I S Al ~ W bher e, cnan el ——yn = .. 3 * ey
Nooarn interval ool o wnbuanood marnelic golivity and nay

thus represent mores nearly guiescent marrnatosvheric 2oniitions



The situation witi: the low altitude >1.2 MeV elzctrons in
Figure 10 is not clear since tnese recinns are ailfeooted Ly

diffusion down a f'lux tube as well as cross-I. ¢if'f'usiorn.

April 17, 1065

Figure 11 chows the electron datz ffor this storm.

Here the low altitude >280 keV electrons display a maximum
intensity at I, = 3.0 - 2.5 and the equatorial >300 keV

electrens peaxk at L = 3.9, DBoth the 1. MeV electronus

mirroring at 1100 km a:d the >1.0 leV electrons mirrorins

near the eguator chow a major peak at L = 3.5,
All observed electrons display a well defined

minimum tm/g at low L shells with the equatorial values

being displaced toward higher L shells relative to the low

altitude values,.

This storm shows a well defined case of electrons

initially appearing well within the trapping recions and

subsequently diffusing in toward lower L shells and outward

toward higher L shells (see alsc Figure 12). Iiote that the

low altitude >28C keV data show a much steceper tm/P curve

toward lower L values than toward higher 1. values, in

valitative agreement with diffusion theory under conservation
28 ¥

of the first two adiabatic invariants. A similar observation

was reported for the Qctober 24, 1063 magnetic storm where

the tinme interval, T bDetween peaX rnagnetic activiiry and
2 DJ " o
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attainment of peak 2280 keV electron intensities was measured

as a function of L {Williams and Smith, 1965). It was found

that T, ~ 0.3 days at L = 3, increased to .3 days at L = 2.5
and also continuously increased to ~4 days as L increased to
~9 earth radii.

Note also that all the data in Figure 11 show a
definite change in character in the region of I = 4.5 - 5.5,
The intensity plots either show a secondary maximum or a
definite change of slope. The tm/2 curves show either a
secondary minimum or also a change of slope. We interpret
this as evidence for a secondary appearance of electrons
during this storm, occurring about 1.3 days after its start.
‘'Thus, Figure 11 shows a major arrival of energetic electrons
occurring very shortly (<0.4 days) after the beginning of the
storm in the region L = 3 - 3.5 followed by an apparent
secondary appearance of energetic elecprons about one day
later at L ~ 4.5 - 5.5,

The minimum tm/2 values are not only displaced
toward higher L shells at the equator but are aléo seen to
have broader minima., This is in general agreement with the
mapping of a flux tube from the equator to low altitudes during
a period of enhanced field expansion. Figure 14 gualitatively

1llustrates this effect.
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The data for this storm are shown in Figure 12.
These data display broader maximum intensities and minimum tm/2
curves than generally shown by the previous storms. In
particular the tm/2 plots indicate the arrival of energetic
electrons at the equator and at low altitudes over a wide
range of L values, but still within the trapping regions. The
equatorial values are again displaced toward higher L shells
for both the maximum intensity and minimum tm/2' Also the
L dependence of the slopelof the tm/2 plot is in gqualitative
agreement with cross-L diffusion theory as in the April 18
storm (sce Figure 11).
All Storms

The energetic electron response to these main phase
storms varies systematically with the size of the storm. To
show this we have obtained from Figures 8-12, the L shell at
which the minimum tm/? and maximum intensity occur. These L
values (or their lower limits) are shown in Figure 15 for all
energles and altitudes observed as a function of maximum Dst
occurring during the storm. These maximum Dst values are
listed for each storm in Table 2.

It is seen that the L value assoclated with the
maximum intensity and earliest arrival of new energaetic
particles decreases as the size of the storm increases in

.

agreement with previocus low altitude results (Arens and Williams,

e
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177 Y. In adiition, the use of I, as a parameter yields an

e
apparent indication o! the distoertion present in the expanded

4 . gl

field. The data assoclated with minimum op/? in
I -

falls into two froup:s, the low altitude and the near-eguatlorial

rapped electrons. Assuming that the energetic electrons first

observed at both low and high altitudez are within the same
filux tube, the tp/q data indicate that for a storm of
HY A
max . o s
D=t X -140y, an expansion of ~0.5 RF cceurs at an altitude

v rax . - . A
of ~3.2 Ry, while for a Dst™®% of ~ ~307 an expansion of

B
~0.2 RE occurs at ~%.2 R

E* That is, a field line crossing
the eguatlor at ~3.7 KRy during guiescent conditions will cross
A .

thie equator at ~3.7 R, during a main phase ctorm when
el

E
Dst = -1407.

The expansion shown in Fisure 13 for the 140y storm
of April 17, 1945, aprces well with the more accurate values
of AR ~ 1 RE at R ~ 4 RE and AR ~ 0.5 RE at R ~ 3RE obtained
by Davis (personal communication) utilizing field expansion
data of Cahill (1966) obtained during this storm. The
expansion noted at 5.2 RE for a 307 storm is a lower limit
si1ce equatorial minimum tm/2 were not observed within the
region of observation.

The position of maximum intensity in Figure 15 does
not display any readily discernable expansion effect. This
is prodvably tecause the vosition of maximum intensity is

down a flux tube and cross-L
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diffusion. The minipum tm/q values are not significantly
a4

7 A

affected by these effects since tLhey olcur witnin 0.5 day
of the begirnirs of the storm initial pnace and, thus, before
significent diffusion takes place.

Decay Times

Flgures & and 3 snow a variety of particle adecreases
including decay effects over an axtended time period. Since
the decay time measured by a threshold detecteor is affectcd
in a complex way by energy loss mechanisms as well as particle
transport processes, care has to be exerted in the interpreta-
tion of such decay times.

The lifetimes, 1, for both the low altitude >280 keV
electrons and the equatorial >300 keV electrons are shown in
Figure 16 for two different time periods after the April 17,
1965 magnetic storm. The lifetime measured is the time for
the electron intensities to reach e_l of their initlal value.

The upper portion of Figure 16 shows a plot of T vs
L for the immediate post storm period, April 19 to 22.5, 1965.
No points are showr. ror L > 4.5 since the infensitizs in these
regions never decayed during the immediate pcst storm period.
The bottom of Figure 16 shows t vs L for the long term post
storm period of April 22.5 to May 3, 1925. The error bars on
the data peints are not standard deviations but are upper and

lower limits obtvaired by visually fitting the data points

with a straight line on a logarithmic plozs.
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Not only do the low altitude and high altitude data display
similar lifetimes for ~300 keV electrons, but their immediate post
storm and long term post storm behavior agree. It is seen that
imaediately after the storm the decay times out to L = 3.5 are signifi-
cantly shorter than the long term decay times. This effect ig difficult
to observe at L = 4 and no comparisons can be ma'e for L > 4.

This effect may simpiy be due to the fact that energy loss and particle
transport mechanisms may be enhanced during the time when the magneto-
sphere is perturbed by the storm and as the storm subsides. the logs
mechanisms and subsequent decay approach a more normal mode. The fact
that Figure 16 shows this effect in the region around L = 3 may be
due to this being the region of initial appearance of energeﬁic electrons
during the storm aad thus probably the region of greatest magneto-

electric perturbations.
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DISCUSSION

As pointed out earlier, Figures 2-5 show that
generally the ~300 keV electrons on a given L shell rapldly
(51—2 days) come to equilibrium after a large geomagnetic
storm, thereby causing the entire L shell to btehave uniforriy
over extended periods cof time. The differences in response
on a particular L shell of the low altitude >80 keV electrons
and the equatorial >300 electrens at the beginning of a storm
may be due to (a) {ield expansions which invalidate a constant L
label for an entire flux tube (Figure 1%) and (b) the appearance
of new particles having an anisotropic piltch ancle distribution.

A good example of pitch angle effects during the
appearance of new particles can be seen by examining the
unidirecticnal electron data obtained by Explorer 26 at
L = 5 Rp during the onset of the April 17 storm. Explorer 26
was at arogee during the onset of the storm and measured the

first two hours of electron flux increases (Brown and Roberts,

1g66). 1In addition to the omnidirectional measurements, the
2450 keV electron flux was also sampled rapidly during one
satellite rotation to give a measure of the unidirectional
counting rate. This measured unidirectional data was reduced
to absolute unidirectional flux as a function of the cosine

of the electron pitch angle feor each complete set of measure-

te rotation.

8

ments taken during a satell
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Each set of unidirectional electron data was then

fit by least squarcs (usirgs two independent variable3 to the

o
function, flux = A{l - ,? » (Roverts, 1965) where o = COS 0,

e, and Hoc is the loss cone. The
variable A is for normalization purposes. Figure 17 contains
a plot of the exponent S vs time during the April 17 storm.
The behavior of S shows that the pitch aﬁgle distribution vias
initially peaked toward cos an = 0 and changed to a rather
uniform distribution over all pitch angles in certainly less
than two hours and possibly less than cone hour.

We thus conclude that equilibrium within a given
flux tute is attaired rapidly for >300 keV electrons (0.1 day )
and that the longer periods (~1-2 days) of nonuniform behavior
on & given L shell (Figure z) for“z3oolkev electrons are due
to field expansion during the storm (Figure 15).

The uniform behavior of the 320 keV electron
population throughuut a given flux tube cauvces the long term :
(20.5 day) diffusion and decay to appear piteh angle independent
at these energies. It was seen above that the initial
energization (injection) was pitch angle depenzent buft rapidly
(§2 hours) reached an eguilibrium disiribution. The simplest .
conclusion to tve drzwn from these facts appears to be that
the rapidity of the pitch angle diffusion mechanism causing
electrons to diffus=s down the line of feorce makes the slcower

preocesses (crosc-1 Aiffucion and decay) sppear to e pitch
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The ~1 MeV electron population does not display the
same general appearance of pitch angle independence for
diffusion and decay as does the 300 keV population. This
can be seen from Figures 2-5 where the ~1 MeV electrons take
significantly longer to attain equilibrium than do the ~300 keV
electrons. 1In fact, Figure 4 shows o case where all 300 keV
electrons are well iﬁto a decay mode along with the equatorial
~1l MeV electrons. However, the low altitude ~1.2 MeV electrons
continue to increase.

The conclusion drawn here is that diffusion effects
and decay times show & strong pitch angle dependence for
~1 MeV electrons because pitch angle diffusion mechanisms are
not as effective in moving ~l MeV electrons down a flux tube
as they are for ~300 keV electrons.

Among possible pitch angle diffusion mechanisms,
Roberts (19066, 1968) has discussed the scattering of rclativistic
electrons along a flux tube using cyclotron-resonance scattering
by whistler-mode disturbances and bounce-resonance scattering
by perturbations having electric or magnetic field components
parallel to the local field. In particular, Roberts has
considered these mechanisms operating with irregﬁlar, wide-band
noise«liké field fluctuations. Irregular whistler-mode
disturbances with rms magnetic field fluctuations cf order

-
>107°y or bounce rescnance scattering from irresular electric
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field fluctuations of orider »0.01 V/km rms or magnetic
intensity fTluctuations oif order >1o“5 rms of Bea yield pitch
angle diffusion rates in rough arsreement with ohserved outer
zone electron lifetimes (Roberts, 1968&). However the power
spectral density functicns which characterize the strength
of the mechanism and defermine the diffusion ccefficients
are not yet well known.

Both bounce-resonance and cyclotron-resonance
scattering may be important in pitch engle diffusion since
there may not be enough power aveilsvle in the high frequency
whistler region for the cyclotron-resonance interaction to
effectively mcove particles with aeq ~ m/2 away from the
equator,

I the above mechanisms are of major importance in
pitch angle diffusion along a flux tube, then the fact that
they apparently act more effectively for ~300 keV elecrrons
than ~1 MeV electrons yields information concerning the
respective power spectral density function.

he donminant

ot
o

We shall assume that these mechanisms arec
ones causing pitch angle diffusion for relativistic electrons.
The less effective pitch angle diffusion for ~1 MeV electrons
may be dve to (a) a reduced effectiveness of the bounce-
rescnance interaction in removing the electrons away from

oy ~ /2 or (b) a reduczed efficiency feor the whistler mode
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cyclotron-resonance irteraction in lovwering pitcen ansles
ultimately into the lous cone. If care (a) prevailed and
cyclotron-resonance scaftiering remained effevtive, then the
low altitude electron intensities would closély follow
equatorial intensities and there would be no build up of

'y

electron intensities at <mall pitch an-les. This i3 not
tre case for the 1 lMeV particles and thus, case (b) seems
applicable. It then follows that the power spectral density
function for the wide band whistler mcde noise interaction
cecrz2ases in magnitude ac those frequencies are approached
which are responsible for vhe scattering of ml.MeV electrons.
While whistler mode scattering is a strong function
of cos apq, the index of refraction, and the propagation
directvion of the wave relative to the local field direction,
the following discussion may give certain limits concerning
the power spectral density. The electrons not being scattered
are ~l He7 electrons mirroring at low altitude, cos aeq ~ 1.
Using cos aeq = 1, an index of refraction n ~ 10, and assuming
that the irregular whistler waves propagate nearly parallel
to the field line, then the freguencies responsible for
scattering an ~l1 MeV electron in the cyclotron-resonance

interaction are those in the regicon of 1 Kz at L = 3 and

202 Hz at L = 5.
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The power spectral dehsity function for the wide
band whistler mode noise thus appears to nave significantly
less power at w ~ 1 KHz (corresponding to ~1 MeV electrons)
than 1t has at w = 2 KHz (corresponding to ~300 keV electrons)
at L. = 3. The respective values at L = 5 are ~200 Hz (1 reV
electrons) and ~500 Hz (~309 keV electrons). While spatial
dependencies in the power spectral denzity function will be

important in determining eguilibrium conditions over a wide

.O

range of altvitudes, the present recults indicate that the
power spectral denuity funcition may decrecase significantly in
the region $1 K=,

Figure 1€ displays the measured decay timecs for the
equatorially mirroring electrons at >390 keV, 2450 keV and
>1 MeV following the April 18, 1905 storm. The decays are
measured durling the long term post storm period, April 22.5
to May 3, 1955. It is seen that the 21 MeV electrons display
a longer lifetime throughcut the %,S L < 5 region after this
storm. In general, it was found that during the period under
study, January 1 through June 23, 1965, whenever a persistent
long term decay could be obtained for both electron energies,
that the >1 MeV diuplayed the longer lifetime (e.g., Figure by.
The low altitude >1.2 MeV decay times are more difficult to
cttain but where available show slishtly longer lifTstimes
than the >80 xeV electrons in the regicn 3 <L < 5. Similar

results have been observed for the period October 1 - 10, 1963 (Williams

and Smith, 1965).
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It thus appears that even during times well removed
[

\- from major storms loss mechanisms in the 3 S L s 5 region are
less effective when operating on ~1 MeV electrons than on
§ ~300 keV electrons. In light of the preceeding discussion,
. either the bounce-resonance interaction, or cross-L diffuzion
nr both could be less effective at the higher energies.

It should be noted that the data of Figure 18 along
' with the D450 keV electron pitch angle data, Figure 17,
i indicate that the transitional enzrgy region in the preceeding
discussions is between U450 keV and 1 MeV. However since we
only have low altitude data at 2280 keV and »>1.2 MeV, we shall
continue to use 2300 keV and Zl.o MeV as our reference energies.

Sources

A S

It has been suggested that a source of energetic
outer zone electrons is the cross-L diffusion, under conserva-

tion of the firs% two adiabatic invariants, of a low energy

B N SR

population initielly located at the magnetospheric boundary
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(Parker, 13560; Tverskoy, 1964). Such a proces3 has been
effectively employed in an attempt to arrive ot an equilibrium
outer zone proton distribution (Nakada and lMead, 1005).

Observations indicating that such diffusion cccurs for outer

/

zone electrons have also keen reported (Frank, 19¢5; Craven,
19GE ).

The observations reported hereing indicate that
cross-L diffusion does vlay an important role in establishing
an eguilibrium outer zone electron distribution. However,,
the initial appearance of energetic electrons well within the
trapring regione and their subsequent diffucion toward lower
and hignher L shells shows that the above c¢ross-L diffusion
process3 need not be the major source of energetic electrons
in the outer zone. The position at which energetic electrons
are first seen within the trapping region and the variaticn
of this position with the size of the storm (Figure 15)
qualitatively can explain the dependence of outer zone electron

intensity maxima on magnetic activity (McDiarmid and Burrows,

1967). In addition, the appearance of 1-3 MeV electrons at

L values of ~8 earth radii may be explained without requiring
electrons of a few hundred kilovolts at the boundary. These
high L energetic electrons could be due to the outward
diffusion of energetic electrons initially appearing at lower

L. shells.
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Thie source of the energetic electrens initially
appearing within the trapping region is unknown. The possible
sources are (1) acceleration of the local plasma and (2) accel-
eralion of a low energy pcpulation which is scomehow transported
in from other regions (e.g., the magnetotail).

Carpenter (1963, 19¢6), has interpreted ground based
whistler data as indicating the existence of a sharp knee,
the plasmapause, in the radial profile of electron density.

The plasmapause, located at M RE during periods of light
magnetic activity, is thought 1o separate an inner region of
~100 electrons/cc I'rom an outer region of ~1 electron/cc.

In discuseging the distribution of electric fields
in the majgnetosphere, Block (1966) has reported that space
charge effects will develop a central field free region within
the magnetosphere and distribute the field toward the outer

regions., FHe identiflies the field free region with the above

~high density region within the plasmapause and considers that

the possible low density region resulis from the electric
fields in the outer magnetosphere sweeping away the local
thermal plasma.

Carpenter (1966) has further observed an inward
motion of the plasmapause during two periods of enhanced
magnetic activity in July 1963. At this time the quiescent

location of the whistler knee was at ~ 5 - 5.8 RE. The
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plasmapause was observed to move to the region 2.8 - 3.8 RE

‘during the magnetic activity present on July 21, 22, and 30,

1953. The respective maximum Dst values were -23y, -30%, and

-Dy (Suguira and Hendricks, 1966). The trapped electron

data in Figure 15 indicate that for Dst"®X of -207 to -307,
energetic elégg}ons are first seen at L > 5 RE' The appearance
of energetic electrons during small magnetic disturbances is
thus seen to occur well above the region to which the whistler
knee is observed tc move. That is, the energetic electron
populaticn is obLserved in the low density region as discussed
by Carpenter (1963) or, equivalently, in the field region as
described by Block (1966).

Bauer and Krishnamurthy (19¢8a) have suggested an

alternative explanation for the existence of a whistler
cutof’f, i.e., plasmapause, during magnetic storms. They

argue that the absence of whistler propagation above a certailn
altitude (L shell) may be due to the absorption of these waves
via Landau damping by intense energetic electron fluxes
appearing within the ring current region during a'storm.

The present energetic electron observations are
consistent with this pos3ibility in that for the -207 to -307
storms reported (Carpenter, 1966), the whistler knee was
observed to move to lower altitudes from an ambient value

which is coincident, within the allowable errors, with the
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initial appearance of energetic electrons. The appearance of
energetic electrons may thus damp ths waves and thus cause the
observed lowering of the knee,

If during quiet times, the ambient plasma density
on the high altitude side of the plasmapause 1s ~1 cm_3
(Carpenter, 1963), .then it is not possible to obtain from the
local plasma the low energy particle intensities thought to be

responsible for the ring current (Hoffman and Bracken, 1955;

Frank, 1967). It 1s possible however with these low plasma
densities to support the energetic (Z 280 keV) elecuron popula-
tion found in these regions during storms. Therefore, the
primary acceleration mechanism responsible for the freshly
observed energetic electrons during a main phase storm, which
seems to reside within the trappning regions but above the
whistler knee, can use both local plasma and transported plasma
as a major source of particles.

The response of the topside ioncsphere during thsz

April 17, 1965 magnetic storm has been reported by Bauer and

Krishnamurthy (1968b). Both enhancements and depletions of
topside ionization were observed and were found to depend on
the phase of the storm. In particular, a large depletion in
the maximum electron density Nm F2 was associated with the
main phase expansién of the field at the time of the symmetric

phase of the ring current. The peak depletion was observed
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to occur at L = 3, in excellent agreement with the initial
appearance of energetic electrons at 1100 ki and the location

of their maximum intensity (Figure 11). Bauer and Krishnamurthy

(1958b) suggest that this depletion represents an upward flux
of plasma caused by reduced plasma densities at high altitudes
due to eithér the main phase field expansioh or to the
acceleration of the local thermal plasma. The present results
indicate that a major acceleration mechanism can operate within
the stable trapping regions and initially at high altitudes.

If the local plasma were energized, a local low
energy depletion could result due to the energization and to
field expansion caused by the energized particles. This in
turn could cause an upward Tlow of ionospheric plasma to these
repions and yield the Nm F2 depletions observed in the ionosphere

(Bauer and Krishnamurthy, 1968b). The spatial correlation of

the equatorial and low altitude energetic trapped electron
results and the simultaneous Nm F2 depletion results during
the April 17, 1965 magnetic storm are consistant with such a
process. The equivalent low altitude and equatorial regions
may be obtained roughly from Figures 11, 14 and 15.
Thus the creation of intense energetic particle

populations within the magnetosphere may stem from a variety
of sources (e.g., local plasma, a low energy population from

the magnetotail, ionospheric effects).
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Many of these effects (decay, cross-L diffusion,
pitch angle diffusion, acceleration, etc.) may well be storm
dependent. The power spectral density function, for example,
may vary from storm to storm and may also have a different
shape during quiet times. This wouid have the effect of
varying the energy at which pitch angle diffusion would become
effective as a function of some as yet unknown storm parameter.
Simultaneous particle-wave-field observations over many storms
are required in order to identify the more significant Sources
and losses throughout the outer zone. The difficulty of these
identifications is emphasized by the iterative nature of these
mechanisms; i.e., sufficient particle intensities and
anisotroplies may trigger instabilities which produce the

diffusion leading to the loss of the initial particles (Kennel

and Petchek, 10966).

Similar particle-field-wave-plasma observations for
a variety of storms will be invaluable in furthering understand-
ing of the relation between magnetospheric plasma and energetic

particles associated with the stable trapping region.
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SUMMARY

Simultaneous data have been presented for trapped
electrons at energies 2280 keV and 21 HMeV as owvserved
throughout much of the outer zone at 1100 km by the satellite
1903 38C and in the near equatorial regions by the Explorer 26
satellite. These Qbservations were obtained during the time
period January 1 through June 29, 1905, for the L values 3.0,
3.5, 4.0, 4.5, 5.0 and 5.5 earth radii. The behavior of the
trapped electron intensities were studied and discussed during
five well defined magnetic storms which werc accompanied by
electron intensity increases throughout much of the region of
observation. The following results and conclusions were
ob:tained:

(1) The »300 keV trapped electrons on a given L shell
(Figure 2) rapidly (<l-2 days) come to equilibrium
after 2 large magnetic disturbance, thereby causing
the entire L shell to behave uniformly over extended
periods of time.

(2) Pitch angle data for near equatorially mirroring
2450 keV electrons during the April 18, 1965 storm
indicate that these electrons rapidly (0.1 dey)

come to eguilibrium within a given flux tube,
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It is thus coneluded that the 2300 keV electrons
also come to equilibrium within a given flux tube
within ~0.1 days and that the longer (~1-2 day)
noruniform behavior on a given L shell (Figure 2)
is due te rield expansion during the storm (see
number 10 below).

It is further concluded that the longer term (many
day) cross-L diffusion and decay processes acting
on %300 keV electrons appear pitch angle independent
due to the rapidity of the pitch angle diffusion
mechanisms which strongly couple >300 keV electron
intensities all along the line of force.

Such an apparent pitch angle independence for the
long term cross-L diffusion and decay procesces is
not observed for the Zl MeV electrons,

It is thus concluded that pitch angle diffusion
mecranisms are not as effective in lowering the
mirros voints of >1 MeV electrons as they are for
2300 keV electrons. It i: this energy dependence
of the pltch angle scattering mechanisms that allows
the observation o' a strong pitch angle dependence

for cross-L diffusion and decay effects at Z; MeV.
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(10)

Using the cyclotron and bounce-resonance interacticns
with wide band irrepular field fluctuations, as
described by Roberts (1968), as major loss mechanisms,

)

t is found that the power spectral density function

e

characterizing the cyclotron-resonance interaction
may decrease significantly in magnitude as the
frequency 1s lowered from o ~ 1000 - 2020 Hz <o

w ~ 200 - 1000 Hz.

Longer lifetimes are observed for Zl MeV electrons
than for 2300 keV electrons, indicating that either
cross-L diffusion cor the bounce-resonance interacticn
may be less efflective at higher energiles.

Shorter ljfeﬁimes for both low and high altitude
trapped 2300 keV electrons were observed immediately
(§5 days) after the April 17 storm thar during the
long term (5 to 16 days) post storm period (Figure 16).
This effect was seen in the region L ~ 3 RE where

the storm produced its largest energetic particle
effects. The shorter lifetime in the immediate post
storm period may be due to an enhancement of loss
processes during disturbed periods.

Measuring the time required for the electron inten-
sities to reach one-half their maximum value, tm/E’
after the start of a storm has led to the result

that cnergetic (>300 keV, >1 MeV) electrons associated
e o

e g b s s m e et

RN
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o

f
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w)
|}

with a main phase magnetic disturbance may
initially appear well within the trapping recions

R O 2

and subsequently diffuse beth in towards lower L

values and out towards higher L vulues., A case of

a pussible double appearance

®
&

energatic eleztrons
was found irn the April 17, 1965 storm.

It was also observed that the minimum tm/2 and
maxinmum intensity at both lcw and hich altitude
occurred at lower L values as the maximum Dst ol
the storm increased. This is In agreement with

previous low altitude recults (Arens and Williams,

1967). 1t was further obssrved that the equatorial
and low altitude minimum tm/,3 values fell on

. m
separate curves (Figure 15) on a L vs Dst ax

plot.
This is interpreted as a measure of field expansion

during the storm and yields AR > 0.2 RE at R ~ 5 R

A E
for Dst™¥* ='-30y and OR ~ 0.5 Ky at R ~ 3.2 K; for
Dst™@X - -140y. The latter value agrees wecli with
the &R ~ C.5 Ry at R = 3.5 RE obtained by Davis
(personal communication) during the same April 17,
1965, storm included in this study.

The appearance of energetic electrons within the

trapping regions and its variation with Dst™™ ‘

counled with ivhe subsequent transport of these

evem eaan o s
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(13)

(14)

- b o

electronc can qualitatively explain the dependence
of cut~» ~one electron intensity maxima on magnetic

acitivity (:cDiarmid and Burrows, 1967). These

observations can also explain the appearance of
several MeV electrons at L values of -8 RE without
vequiring a several hundred-kilovolt population at
wagnetospheric boundary.
Preliminary evidence indicates that the energetic
electrons initially appear on the high altitude
side of the whistler knee, i.e., on the low density
side of the plasmzpauce as discussed by Carpenter
(1663). The motion of the whistler knee to lower
altitudes during small magnetic storms (Carpenter,
1963) coupled with the region of appearance of
energetic {»300 keV) electrons d-vring similar size
storms lends support to the suggestion of Bauer and

Krishnamurthy (19683) the.t, during storms, the whistler

oy

cutoff and the azpparent motion of the whistler knee is
due to the appearance of energetic clectrons associated
with the storm ring current which absorbs the waves

via Laundau damping.

The cepletion in the topside ionosphere maximum
electron density, Nm F2, was chserved to peak at

L = 3 during the April 17, 1955 magnetic storm

This region of .




S

peak Nm F2 l2pletion agrees very well with the
region cf mininum tm/2 and maximum intensity
obser.ed for tihe low altitude energetic electrons
during this same storm (Figure 11). The energetic
electrons duving the April 17, 1965, magnetic
storm appcared initially well within the trapping

regions (L = 3 at 1100 km) and were thus produced

by an acceleration mechanism acting in these regions

on either the local low energy population or on a

low energy population transported in from elsewhere.
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Figure 1.

Figure 2.

Figure 3.

Projection onto ecliptic piane 0." Explorer 26

and 1963 38C orbits showing local times sampled

by these satellites during the six month period

of January-June 1965,

Simultaneous electron data from the poelar orbiting
satellite 1963 38C (E > 280 keV) and the near
equatorial satellite Explorer 26 (E > 300 keV)

for the period January 1, 1965, through June 29,
1965. The electron data at L = 3.0, 3.5, 4.0,
4.5, 5.0, and 5.5 are shown in terms of counts

for each of the experiments counting intervals.
See Table 1 for the conversion factors to convert
the data to fluxes. BRBelow the electron data are
plotted the hourly average D:ct and the three hour
average Kp index for the six month period. '
Simultaneous electron data from the polar orbiting
satellite 1963 38C (E > 1.2 MeV) and the near
equatorial satellite Explorer 26 (E > 1.0 MeV) for
the period January 1, 1965, through June 29, 1965.
The electron data at L = 3.0, 3.5, 4.0, 4.5, 5.0,
and 5.5 are shown in terms of counts for each of
the experimen*s counting intervals. See Table 1
t'Gr the conv: sicn factors to convert the data to
filux 3. Below -2 electron data are plotted the
hour. ., average D'st and trhe twree hour average Kp
index for the six month per
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Figure 4.

Figure 5.

Figure 6.

Cc-2

Simultaneous electron data from the polar orbiting
satellite 1963 38C (E > 280 keV and E > 1.2 MeV)
and the near equatorial satellite Explorer 26

(E > 300 and E > 1.0 MeV) for March 1 througn
March 12, 1965. Electron data at L = 4.0, 4.5,

and 5.0 is shown during the period of the March 3
geomagnetic storm. Below the electron data are
plotted the AE index, Dst, and the Kp index.
Simultaneous electron data from the polar orbiting
satellite 1963 38C (E > 28&7 keV and E > 1.2 MeV)
and the near equatorial satellite Explorer 26

(E > 300 keV and E > 1.0 MeV) for June 13 through
June 2%, 1965. Electron data at L = 3.5, 4.0, 4.5,
5.0, and 5.5 are showvn during the period of the
June 15 geomagnetic storm. Below the electron
data are plotted the AE index, Dst, and the Kp
index.

Sequence of low altitude trapped electron outer
zone profiles obtained by satellite 1963 38C during
February €, 1965, magnetic storm. Numbered arrows
in plot of Dst and AE values indicate time seqguence
of respective numbered passes. Note initial high
latitude appearance »f electrons assoclated with

substorm durirgs main +d compression, tneir

3
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Pigure 7.

Figure 8.

C-3

subsequent loss to these low altitude regions,

and the later arrival of the bulk of energetic
electrons ascociated with the storm main phase.
Simultansous electron data from 1963 38C

(E > 280 keV) and Explorer 26 (E > 300 keV) during
the February 6, 1965, geomagnetic storm. Below
the electron data are the AE and Kp indices and
the equatorial Dst. The equatorial electron data
shows the firsf particle increases at L = 5,
apparently correlated with the AE spike at the
time of the sudden commeucemant. The low altitude
electron data also indicate an increase at this
time., However a decrease occurs after this
subetorm but before the storm main phase and
major electron increase (sce also Figure ©).
Equatorial data are not available during this time
interval.

February &, 1905, Geomagnetic Storm: The maximum
storm electron intensities and the time reguired
Tor the intensities to reach half their peak
values (tm/g) plotted vs L for the high and low
energy electrons observed on 1963 38C and
Explorer 26. Explorer 26 >300 keV and >i.D MeV
data hss beenr multiplied by 0.1 and .¢63 38C

>1l.2 MeV data has been multiplied by.5. Using
these factors, fluxes may be obtained from the

conversion constants in Table 1.
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Figure 9.

Figure 10,

Figure 11.

c-4

March 2, 1965, Geomagnetic Storm: The maximunm
storm electron intensities and the time required
for the intensities to reach half their peak
values (tm/2) plotted vs L for the high and low
energy electrons observed én 1963 38C and
Explorer 26, Explo:er 2€ >300 keV data has been
multiplied by 0.1 and 1963 '38C >1.2 MeV data

has been multiplied by 10. Using these factors,
fluxes may be cbtained from the conversion constants
in Table 1,

March 22, 195, Geomagnetic 3torm: The maximum
storm electron intensities and the time required
for the intensities to reach half tneir peak
values <tm/2) plotted vs L for the high and low
energy electrons observed on 193 38C and
Explorer 2%. Explorer 26 >300 keV data has been
multiplied by 0.1 and 1963 38C >1.2 MeV data has
been multiplied by 10. Using these factors, fluxes
may be obttained from the conversion constants in
Takle 1.

April 17, 1965, Geomagnetic Storm: The maximum
storm electron intensities and the time required
for the intensities to reach half their peak

values (t_ ) plotted vs L for the high and low

m/2
energy electrons observed on 1'¥%.3 38C and
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Figure 12.

Figure 13.

C-5

and Explorer 206. Explorer 26 >300 keV data has
been multiplied by 0.1 and 1963 38C >1.2 MeV data
has been multiplied by 10. Using these factors,
fluxes may be obtained from the conversion constants
in Table 1. A possible second appearance of
electrons was observed in the region L = .5 - 5.5,
June 15, 1965, Geomagnetic Storm: The maximum

storm electron intensities and the tim. requirei

for the intensities to reach half their peak

values (tm/E) plotted vs L for the high and low

energy electrons observed on 1963 38C and Explorer 26.

Explorer 26 >300 keV and >1.0 MeV dela has been
multipiied by O0.1. Using these factors, fluxes
may be obtained from the conversion constants 1in
Table 1. A very broad region (L = 2.5 - 5.0} of
initial electron appearance was otserved.

Rate of apparent inward motion for the equatorial
E > 1.0 MeV electrons plotﬁed vs L from the
March 22, 1965, geomagnetic storm (Figure 10).
These data show the clearest example of possible
inward electron diffusion for the storms examined.
Plots of dL/dt = L" for several values of n are

skown alcng with the data.

s T AL b A, b s 8 A ST R K Wb BT e YA PR R



Figure 14.

Figure 16.

Diapgram, not to séale, gqualitatively showing the
projection of a wide courcs remsion in equatorial
regions to a narrow latitude interval at low
altitudes. Prodection during a mailn phase field
e<pansion shoun a: cross-hatched section. “Dipole
projection shown as shaded section for comparison.
a. The L value of maximum electron intensity
plotted vs the peak Dst value fur the five pgeomagnetic
storms examined in Figures £-12. Both encergies at
both low and high altitudes are included.

t. The L value of the earliest tm/? p;otted Vs

the peak Dst value Tor the same five pgeomagnetie
sterms. A separation, attributable to a measure

of the magnelospheric expansion, is observed between
the high and Jlow altitude electron data.

Lifeuvimes (time to el of initial value) for energetic
electrons plotted vs L for two periods following

the April 17, 1965, geomagnetic storm.

a, Lifetimes for the immediate post-storm period,
April 19 - April 22.5, 1965. Data beyond L = 4.0
was not available because outward electron

diffusion was still operative during portions of
this time period at the higher L values and no

decay was otserved.
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Figure 17.

Figure 18.

b. Lifetimes for the post stcrm period April 22.5 -

May 3, 1955. The decay rates at the low L values
have increased bty a factor. of avout 2 over the
rates in (a) at L = 2.6 - 3.5. At all L values,
for both periods of time, the aecay rates observed
for these energetic electrons at high and low
latitude are nearly identical.

Plot of the value of the exponent s in the fit to
the pitch angle electron data (E > 0.45 MeV) vs
time during the onset of the April 18, 1965,
geomagnetic stor near L = 5 RE' The exponent s
very rapidly tends toward che quiet time wvalue
after the L ='5 storm onset at about 0620. This
indicates that an initial electron population,
peaked in pltch anzgle distribution at the equator,
rapidly changes to a rather uniform electron flux
population over all pitch angles.

Near-equatorial electron lifetimes for E > 300 keV,
SU50 keV, and >1.0 MeV plotted vs L for the period
April 22.5 - May 3, 1965 (Figure 16b). The

E > 1.0 MeV electrons display a longer lifetime

in the region L = 3.0 - 5,0 during this time period.
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